Control potential of Heterorhabditis amazonensis (Rhabditida: Heterorhabditidae) in avocado borer, Stenoma catenifer (Lepidoptera: Elachistidae)
INTRODUCTION
In Brazil, avocado is grown in almost all states due to the favorable edaphoclimatic characteristics that provide conditions for production throughout the year. Brazilian production is mainly distributed in the Southeast region, and the state of São Paulo is the largest producer. The Brazilian harvest in 2016 was approximately 180,636 t, of which 4,950,508 kg were destined for export, which represents almost 7% more in exports compared to the 2015 harvest (IBGE, 2016; Carvalho, 2017) .
Avocado borer, Stenoma catenifer Walsingham (Lepidoptera: Elachistidae), is considered the main pest of avocado plantations, causing serious economic damage to the crop and, in many cases, leading to the abandonment of the production areas. Its presence leads to the reduction in production and makes the marketing of infested fruits unfeasible. Newly hatched caterpillars pierce the fruit epidermis by initially feeding on the pulp and forming galleries in the interior, and may subsequently reach the seed, depreciating the commercial value of the product (Hohmann et al., 2000; Nava et al., 2005a) .
The newly attacked fruits have white spots due to external exudation and, with larval development, the fruit epidermis shows a deposit of excrements and food remains near the entrance hole of the caterpillar. In more severe attacks, several caterpillars can be found in a single fruit, leading, as a consequence, to its faster fall (Martinez & Godoy, 1984) . Damage caused by avocado borer varies depending on the cultivar, year, site and crop management, and there may be total losses (Hohmann & Meneguim, 1993) . Ventura et al. (1999) observed that 'Beatriz' is a cultivar more susceptible to the attack of borer in relation to 'Margarida', although both may show losses of approximately 97% and 81%, respectively, at the end of the cycle.
The main control method used is the chemical, and pyrethroids are commonly used (Hohmann et al., 2000) , although there are no phytosanitary products registered in Brazil to control the pest. The lack of effective control measures makes it difficult to use integrated management and influences the increase in S. catenifer population in the field. As S. catenifer deposits its eggs directly on the fruits, the control strategies should be applied for a short time to obtain better control results, that is, from hatching until the penetration of first-instar larvae in the fruits (Hohmann et al., 2003) , hindering pest control. Thus, the current situation shows the need for studies on pest control methods to establish an adequate management of S. catenifer in the avocado crop.
Entomopathogenic nematodes are considered promising biological control agents, particularly effective when applied to insects that inhabit or whose larval stage occurs in the soil (Dolinski et al., 2017) . The use of these organisms to control S. catenifer pupae may be an alternative to pest management, considering that the pupae remain in the soil and that the perennial environment formed by the areas established with avocado favor the establishment of nematode populations. In Brazil, there are no established methods for the release of entomopathogenic nematodes. In this context, it is fundamental to analyze different methods that allow the distribution of the pathogenic agent in the field, besides being operational and economically viable in the crops.
Therefore, the objective of this study was to evaluate the potential of different methods of distribution of the entomopathogenic nematode Heterorhabditis amazonensis Andaló, Nguyen e Moino Junior, strain MC01, in the control of S. catenifer pupae under field conditions, as well as to adapt the technology for the application of these organisms, in order to use them in a pest management plan.
MATERIAL AND METHODS

Multiplication of entomopathogenic nematodes
The nematode used in the experiment, H. amazonensis MC01, was isolated in Monte Carmelo, MG, Brazil. In order to obtain freshly emerged infective juveniles, the nematodes that were stored in a climatic chamber airconditioned room at 16 ºC, were multiplied in Tenebrio molitor L. (Coleoptera: Tenebrionidae) larvae, reared as established by Potrich et al. (2007) . Larvae dead by the nematodes were placed in a 9-cm Petri dish with filter paper for five days. Subsequently, distilled water was added to recover the emerged juveniles. Infective juveniles obtained up to three days after the onset of emergence were used.
Characterization of the area
For the field tests, an avocado planting area was used on Fazenda Pastão 3, located in Monte Carmelo region, MG, Brazil. The total area of the farm used for avocado planting is 60 ha, is located at an altitude of 1,020 m, geographical coordinates 18º54'55.2''S, 47º21'43.7''O, located in the area of Planaltos e Chapadas da Bacia Sedimentar do Paraná, Southwest portion of the Brazilian Cerrado, in the mesoregion of the Triângulo Mineiro and Alto Paranaíba. According to the Köppen classification, the climate of this region is Cwa, temperature of 22 °C and rainfall of 1,500 mm (annual averages), and rains concentrated in six months, mostly in the summer period. The soil is predominantly clayey oxisol. The areas adjacent to the experiment facility have coffee and rubber plantations. The cultivation used has existed for 15 years and was constituted by cultivars Margarida and Geada, totaling an area of 6.0 ha, planted in spacing 6.0 x 11.0 m.
Due to the fact that it was a commercial crop, the following phytosanitary products were eventually used in the control area and in the adjacent areas: 1) fungicides: azoxystrobin + difenoconazole, captan, carbendazim, copper oxide, copper hydroxide, difenoconazole, sulphur, tebuconazole and thiophanato methyl; 2) insecticides/ acaricides: abamectin, acephate, Beauveria bassiana, beta-cyfluthrin, bifenthrin, carbosulfan, chlorpyrifos, clorantraniliprole, cypermethrin, fipronil, gamacyhalothrin, lambda-cyhalothrin, lufenuron, lufenuron + profenofos and novaluron; 3) herbicides: diquat dibromide, glyphosate, oxyfluorfen and paraquat dichloride. In addition, the parasitoid Trichogramma pretiosum Riley (Hymenoptera: Trichogrammatidae) was released in the avocado planting areas prior to the experiment setup.
Control of Stenoma catenifer with entomopathogenic nematodes in the field
The following treatments were tested: 1) manual release of dead T. molitor (obtained from 4 to 5 days) infected with nematodes; 2) hydraulic spraying with infective juveniles in the soil, below the canopy, and 3) hydraulic spraying of chemical insecticides (farm standard), considered the control. Fifteen replications were performed in a randomized block design, with each replicate containing a 25-m line, with four plants. The nematode application concentration was standardized on 5,500 infective juveniles per m 2 . Thus, for the treatment with insect cadaver, 1 dead insect was released for every 10 m 2 , considering an average of 55,000 infective juveniles per dead insect.
For the treatment with hydraulic application of nematodes suspended in a 25-m line, 137,500 infective juveniles were sprayed. As a function of the length of the 2-m bar and the two sides of the bar (2 x 2 = 4 m 2 ), the application area was 100 m 2 per line and a total area of 1,500 m 2 (15 lines). A syrup volume of 500 L ha -1 was used; thus, 100 L of syrup containing 2,062,000 infective juveniles were applied to 15 25-m lines. The sprayer Arbus 2000 ® was used, with horizontal bar adaptation and unilateral extension with an application range of 2 m, 3 tips. The tips used were blue Magnojet ® MDC-5, with an angle of 130° and thick drops, according to the manufacturer. The working pressure was 114 kPa, and the application was performed in the morning, at a mean temperature of 20.3 °C, relative humidity of 60.5% and wind speed of 5.4 km h -1 . The climatic data were obtained using an ITSP-80001 thermo hygro anemometer.
The chemical treatment carried out in the area consisted in the application of the insecticides carbosulfan and novaluron, 30 days after experiment setup; lufenuron + profenofos, 45 days after experiment setup; and bifenthrin, 60 days after the experiment was set up.
In order to verify the number of borer fruits the two central plants of each replicate were evaluated, 4 fruits were sampled (one on each side), in the basal third of the plant (from 1.50 to 1.90 m in height). Evaluations of the number of individuals trapped and borer fruits were performed on the day of the experiment and then every 15 days for 90 days. The results were expressed as percentage of borer fruits and submitted to analysis of variance (p<0.05) in a split plot scheme, and time was the subplot factor.
Viability and infectivity evaluations were performed for the treatment with infective juveniles applied with a horizontal bar sprayer. Therefore, aliquots of the suspensions were collected in three moments: in the preparation of the syrup, before being placed in the spray tank; in the first spray jet; and the last spray jet (obtaining a volume of about 10 mL in each collection). To verify the viability of the nematodes, ten 0.1-mL aliquots of the suspension were taken for each application moment and 100 infective juveniles were observed under a stereoscopic microscope, counting the number of living and dead individuals.
Nematode infectivity was tested simultaneously with viability. 1 mL suspension was removed and pipetted into a Petri dish (9 cm in diameter) containing two filter papers per treatment. Each plate received 10 T. molitor larvae and was kept in a B.O.D. room at 25 ± 1 °C, 70 ± 10% RH and 24h dark for five days. Eight replicates were performed for each treatment. After this period, larval mortality was determined by nematodes, confirmed by the symptomatology characteristic of mortality caused by H. amazonensis. Viability and infectivity data were compared using the T-test for independent samples (p<0.05).
For monitoring of adults in the experimental area, three Delta traps containing sex pheromone devices were installed to capture S. catenifer males. The traps were installed at 1.65 m from the soil, and the devices were changed every 60 days. Evaluations were performed every 15 days for 90 days. The population fluctuation of the adults was monitored for 8 months in order to verify the behavior of the insect over time.
Permanence of entomopathogenic nematodes in the soil
In order to verify the permanence of the nematode in the area, soil sampling was carried out every 30 days. The samples were collected at two points of each treatment (one in the first treatment line and another in the last line), totaling six samples. About 400 g of soil between 5 and 15 cm deep were removed, below the projection of the canopy of the avocado tree about 1 m from the stem. The samples were individualized in plastic bags and placed in a styrofoam box during transport from the collection area to the laboratory. The samples were labeled with the date of collection and the geographical coordinates.
The samples were divided into aliquots, which were processed by insect-bait isolation, constituted by a plastic container (14 x 14 x 7 cm) with approximately 200 g of soil moistened with distilled water sterilized at 15% w/v. Ten last-instar T. molitor larvae were added on the moist soil. The container was clodes and inverted ino order to the larvae stayed in the bottom. The mortality was evaluated after five days. The collections were made up to 90 days after the application of nematodes. On the day of the installation of the experiment, soil was collected to verify the possible previous existence of nematodes in the area before the release of H. amazonensis.
RESULTS AND DISCUSSION
Control of Stenoma catenifer with entomopathogenic nematodes in the field
In relation to the viability of entomopathogenic nematodes applied by sprayer (suspension treatment) in the experimental area, it was verified that there was a reduction in the viability of the infective juveniles and a reduction in the mortality of T. molitor between the time of preparation of the syrup and the beginning of the application. However, there was no difference between the beginning and end of spraying, considering that the time spent with spraying was 1 hour (Table 1) . Even though there was a reduction in the viability of infective juveniles, the values obtained at the beginning and at the end of the application are considered satisfactory, since the majority of the nematodes remained alive.
Entomopathogenic nematodes can be applied using a sprayer without loss of viability and infectivity when under a pressure of up to 1,379 MPa (Garcia et al., 2005 (Garcia et al., , 2008 ,. In relation to the agitation of infective juveniles in the spray tank, Moreira et al. (2013) reported that no interference was observed in the survival of infective juveniles, and they were still capable of causing mortality in insects. Thus, the authors concluded that hydraulic spraying is a viable alternative for the application of entomopathogenic nematodes in the field. The same was observed in this study since, even though there was a reduction in viability and infectivity of infective juveniles over time, the mortality rates of the insects reached at the end of the application were considered satisfactory.
On the day of the installation, it was verified that the average percentage of borer fruits in the area was 20%. According to the obtained data, it can be observed that there was a linear reduction in the percentage of borer fruits up to 90 days after the application of nematodes (Figure 1 ). However, there were no significant differences (p>0.05) between the three control methods used, showing that both dead insect and spray application achieved similar controls to chemical treatment. It was observed that the treatments for the control of avocado fruit borer showed a marked reduction after 45 days and, at 90 days, the percentage of borer fruits reached 6.1%. In this study, up to 70% reduction in the number of borer fruits was observed with the use of the proposed control measures. The results evidenced the control effect of the entomopathogenic nematodes on S. catenifer under the tested conditions, as well as their residual effect. Hoddle & Hoddle (2008) studied the attack level and damage pattern by S. catenifer in the field evaluating the proportion of borer fruits and also the number of holes per fruit in commercial 'Hass' avocado, and observed up to 45% of borer fruits through field evaluations. For the experiment setup, the nematoid was released when the average borer fruit in the area was 20%, a value that was already causing a reduction in yield due to fruit fall and making them commercially infeasible.
As for the evaluation of the presence of adults in the Delta traps with sex pheromone, it was verified that, in experiment setup, the initial population of insects found in the traps was of 9 adults in the control area, 6 adults in the treatment area with the release of deadinsects and 3 adults in the hydraulic spraying treatment (Figure 2 ). Considering that the action of the nematode on the adult population can be observed after 15 days of application, it was observed that, at 15 and 90 days of evaluation, 6, 15 and 14 adults and 16, 23 and 19 adults were captured in the treatments with hydraulic spraying, insect cadaver and control, respectively. Thus, observing the difference in the number of individuals captured at these times, 10 adults were obtained for the suspension treatment, 8 adults in the treatment with insect cadaver and 5 adults in the control. Thus, it can be observed that the adult population in the treated area was similar to that found in the control as a function of the final values of adults caught in the traps (Figure 2) . Therefore, the use of nematodes was considered as effective as the insecticide, when related to the population fluctuation of S. catenifer adults in the evaluation period of the experiment.
In relation to the population dynamics of adults it was verified that there was a variation in the number of adults captured during eight months. 30 days after the release of the nematodes, there was a reduction in adult capture and, at 45 days, the number of collected individuals decreased and was balanced until the end of the evaluation at 90 days (Figure 3) .
Considering that the life cycle of S. catenifer has a mean of 35 days, a pupal period of 15 days (Nava et al., 2005a) and the control target is the pupae, it can be considered that the effect of the nematodes in adults can be observed from 15 days of release and the presence of caterpillars in the fruits only in the following borer generations.
According to Castillo et al. (2012) and Vázquez et al. (2017) , captures of S. catenifer males attracted by the sex pheromone using traps occur mainly when flowering begins and is associated with the presence of fruits in the field. For the execution of this study, fruits were maintained in the plants during the whole evaluation period once, on the farm, the selective collection of the fruits is carried out, that is, only the fruits considered suitable for commercialization were collected the plants. Thus, the gradual increase in the number of adults collected in the treatments and the control after 90 days of evaluation may be associated with the constant presence of fruits in the field and the occurrence of subsequent generations of the insect.
It was also possible to observe that in the treatment with the nematodes released in insect cadaver the reduction in trapped adults was slower, decreasing the amount of adults only after 45 days, whereas in the control and the suspension treatment, this reduction was observed at 30 days (Figure 3 ). This result can be explained as a function of the time the infective juveniles took to emerge from the insect cadaver which could take up to five days, while in suspension treatment, the infective juveniles were applied directly to the soil, ready to search for the host.
The studies conducted on S. catenifer refer mainly to the use of sex pheromones for adult monitoring and insect bioecology; however, little has been discussed about pest control, and these studies are limited to the use of parasitoids such as Trichogramma and Trichogrammatoidea and control by fruit bagging (Nava al., 2006; Nava et al., 2007; Castillo et al., 2012; Hoddle et al., 2011) .
Studies testing entomopathogenic nematodes with lifecycle insects similar to S. catenifer have been conducted, as that developed by Simi et al. (2018) , who tested Steinernema brazilense Nguyen, Leite, Ginarte, Leite, Santos, Harakava in the control of cupuaçu borer, Conotrachelus humeropictus (Fiedler) (Coleoptera: Curculionidae), causing 60% larval mortality. The fourth instar larvae of this insect remains in the soil, becoming a target for the action of entomopathogenic nematodes, the same site where S. catenifer pupae remains. Silva et al. (2010) tested the nematode Heterorhabditis indica Poinar, Karunakar, David IBCB n5 for the control of guava weevil, Conotrachelus psidii Marshall (Coleoptera: Curculionidae), a species that, as S. catenifer, spends part of its life cycle in the soil, in this case prepupae, pupae and adult, being considered a pest of difficult control. The nematode was applied at a dosage of 10 I/cm 2 and 50% mortality rates were achieved.
Permanence of entomopathogenic nematodes in the soil
As for the verification of the entomopathogenic nematodes in the soil before the experiment installation, no populations were found in the sampled areas. After 30 days of the experiment, nematodes were isolated by the insect-bait technique in areas with juvenile release in the form of insect cadaver and suspension application, and no nematodes were found in the control area. The same was observed over time until the evaluation of 90 days, where nematodes were still found in the soil in the treated areas; it was found that the juveniles remained viable and infective in the treated areas over time.
Considering pest management, nematodes will act in one of the phases where the insect remains in the soil since, when they are about to become pupae, the caterpillars abandon the fruits and migrate to the soil under leaf debris, leaving the pupae to a depth of 0.5 to 1.5 cm, or within fallen fruits for approximately 15 days (Hohmann et al., 2000) . In this environment, the pupae become potential targets for the action of the infective juveniles that remain in the soil in search of a host.
Limiting factors for the permanence of entomopathogenic nematode populations are associated with ultraviolet light irradiation rates and soil water availability. Ground or decaying vegetation cover favors the soil moisture, which is an ecosystem that favors the presence and persistence of nematodes (Wilson & Gaugler, 2004) . Thus, the environment provided by avocado plants creates favorable conditions for the nematodes to remain in the soil, which may favor the control of S. catenifer for an extended period, allowing inoculative releases of infective juveniles. Valle et al. (2008) studied the action of Heterhorhabditis baujardi LPP7 Phan, Subbotin, Nguyen, Moens, under C. psidii, by the release of dead Galleria mellonella L. (Lepidoptera: Pyralidae) insects under field conditions and verified the persistence of the nematode in the field for up to six weeks after application, but observed that, after 12 weeks, a gradual reduction occurred in the presence of H. baujardi in the soil.
Alternatives in the control of S. catenifer are fundamental to reduce the population of the pest in the field, mainly due to the difficulty in the control and use of unregistered chemical insecticides, which causes the emergence of secondary pests and cases of resistance to insecticides (Nava et al., 2005b (Nava et al., , 2006 . Based on the results obtained in this study, the use of H. amazonensis MC01 can be considered as a potential tool in the control of pupae in the soil, in order to increase the control of S. catenifer in the avocado crop.
CONCLUSIONS
The hydraulic spraying system did not interfere with the viability and infectivity of H. amazonensis MC01. There was a reduction in these parameters between the preparation of the syrup and the beginning of the application.
There was a reduction in the number of borer fruits adults in the areas treated with entomopathogenic nematodes for both insect cadaver and suspension forms. The capture of adults in traps with sex pheromones in the treatments showed the same distribution pattern as in the control.
The reduction in adults trapped in the treatment with insect cadaver occurred after 45 days, while in the control and in the suspension treatment, after 30 days.
Heterorhabditis amazonensis MC01 was considered promising in the control of S. catenifer when released in suspension and through the insect cadaver under the tested conditions.
